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Executive Summary

This study produced gridded PMP values for the project domain covering then entire state of
Maryland and immediate surrounding regions which the Maryland Dam Safety Program is
responsible for regulating. The PMP grid domain uses a spatial resolution of approximately 2.3-
square miles. This spatial resolution captures variations in topography, climate and storm types
across the state. A large set of storm data was analyzed for use in developing the PMP depths with
numerous storm events evaluated for every region within the overall study domain. In addition to
the PMP development, annual exceedance probabilities for the 6- and 24-hour durations were
developed over the entire domain and included in the GIS tool. This information provides the
recurrence interval of the PMP depths and inputs for risk informed decision making analyses.
Finally, climate change projections were evaluated specifically to understand how extreme
precipitation may change over the study domain both in magnitude and frequency. The climate
change projections demonstrated that the most likely outcome regarding precipitation over the
region going forward is that the mean annual and seasonal amount will increase, but the individual
extreme events will stay within the range of uncertainty included in the PMP process.

During the course of this study, the National Academy of Science released its recommendations
regarding PMP development®. These findings recommend the use of probabilistic evaluations in
addition to the deterministic storm-based approach. They also recommend accounting for climate
change. Then, is the long term (10 years or longer), they recommend the use of numerical weather
prediction models as another option for PMP development. Important for this study, AWA already
applied these recommendations. As noted, this study develops deterministic PMP depths, then
calculates probabilities out to 10 "%, which provides the average recurrence interval of the PMP
depths and evaluated climate change projections related to PMP and extreme rainfall.

Storm types considered were the local storm, general storm, and tropical storm. These updated
PMP depths supersede those provided in Hydrometeorological Reports (HMRs) 33, 51, and 52.
PMP type storms are most likely to occur from May through October throughout Maryland when
no significant contribution from melting snow would occur. However, heavy rainfall can occur
anytime of the year, including when snowpack is on the ground. This is most likely in the central
and western portions of Maryland. However, the total runoff from a combined rainfall and
snowmelt event is still less than the all-season PMP depths for any of the basins which the the
Maryland Dam Safety Program regulates.

Results of this analysis reflect the most current practices used for defining PMP, including
comprehensive storm analyses procedures, extensive use of geographical information systems
(GIS), explicit quantification of topography and coastal effects, updated maximum dew point and
sea surface temperature climatologies for storm adjustments, and improved understanding of the
weather and climate related to extreme rainfall throughout the region.

The approach used in this study followed the same philosophy used in the numerous site-specific,
statewide, and regional PMP studies that AWA has completed, including regions adjacent to the
state and regions encompassing portions of this domain. AWA utilized the storm-based approach

! https://www.nationalacademies.org/our-work/modernizing-probable-maximum-precipitation-estimation
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Figure E.4 PMP percent difference from HMR 51 PMP at 72-hour 200-square miles comparing the largest
PMP depths regardless of storm type.

Table E.1 PMP percent difference from HMR 51 PMP at 6-hour and 24-hour 10- square miles by
transposition zone

Table E.2 PMP percent difference from HMR 51 PMP at 24-hour and 72-hour 200- square miles by
transposition zone
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Low Level Jet stream: A band of strong winds at an atmospheric level well below the high
troposphere as contrasted with the jet streams of the upper troposphere.

Mass curve: Curve of cumulative values of precipitation through time.

Mesoscale Convective Complex: For the purposes of this study, a heavy rain-producing storm
with horizontal scales of 10 to 1000 kilometers (6 to 625 miles) which includes significant,
heavy convective precipitation over short periods of time (hours) during some part of its lifetime.

Mesoscale Convective System: A complex of thunderstorms which becomes organized on a
scale larger than the individual thunderstorms, and normally persists for several hours or more.
MCSs may be round or linear in shape, and include systems such as tropical cyclones, squall
lines, and MCCs (among others). MCS often is used to describe a cluster of thunderstorms that
does not satisfy the size, shape, or duration criteria of an MCC.

Mid-latitude frontal system: An assemblage of fronts as they appear on a synoptic chart north
of the tropics and south of the polar latitudes. This term is used for a continuous front and its
characteristics along its entire extent, its variations of intensity, and any frontal cyclones along it.

Moisture maximization: The process of adjusting observed precipitation amounts upward
based upon the hypothesis of increased moisture inflow to the storm.

Observational day: The 24-hour time period between daily observation times for two
consecutive days at cooperative stations, e.g., 6:00PM to 6:00PM.

One-hundred year rainfall event: The point rainfall amount that has a one-percent probability
of occurrence in any year. Also referred to as the rainfall amount that has a 1 percent chance of
occurring in any single year.

Polar front: A semi-permanent, semi-continuous front that separates tropical air masses from
polar air masses.

Precipitable water: The total atmospheric water vapor contained in a vertical column of unit
cross-sectional area extending between any two specified levels in the atmosphere; commonly
expressed in terms of the height to which the liquid water would stand if the vapor were
completely condensed and collected in a vessel of the same unit cross-section. The total
precipitable water in the atmosphere at a location is that contained in a column or unit cross-
section extending from the earth's surface all the way to the "top" of the atmosphere. The
30,000-foot level (approximately 300mb) is considered the top of the atmosphere in this study.

Persisting dew point: The dew point value at a station that has been equaled or exceeded

throughout a period. Commonly durations of 12 or 24 hours are used, though other durations
may be used at times.
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include Jewell, MD July 1897, Ewan, NJ September 1940, Smethport, PA July 1942, Rapidan,
VA June 1995, and Sparta, NJ August 2000.

3.1.2 General Storms

General storms occur in association with frontal systems and along boundaries between
sharply contrasting air masses. Precipitation associated with frontal systems is enhanced when
the movement of weather patterns slow or stagnates, allowing moisture and instability to affect
the same general region for several days. In addition, when there is a larger than normal thermal
contrast between air masses in combination with higher than normal moisture, PMP-level
precipitation can occur. The processes can be enhanced by the effects of topography, with
heavier precipitation occurring along and immediately upwind of upslope regions. Intense
regions of heavy rain can also occur along a front as a smaller scale disturbance moving along
the frontal boundary, called a shortwave, creating a region of enhanced lift and instability. These
shortwaves are not strong enough to move the overall large-scale pattern, but instead add to the
storm dynamics and energy available for producing precipitation.

This type of storm will usually not produce the highest rainfall rates over short durations,
but instead results in flooding situations as moderate rain continues to fall over the same region
for an extended period of time. This storm is not expected to control PMP depths for any basins
less than 10-square miles. Therefore, it is recommended that the general storm PMP only be
applied to any individual basin larger than 10-square miles.

The seasonality of general storms varies, but the general storm PMP depths produced in
this study are assumed to be a rainfall only event where melting snow would not contribute
significantly to runoff. Although they can occur at almost any time of the year, they are most
likely to produce flooding rainfall during spring and fall. Strong frontal systems do affect many
parts of the region in winter. However, most of the precipitation occurs in the form of snow or
moves through too quickly to produce PMP level rainfall. Therefore, the full general storm PMP
depths should not be used when significant snowpack is present. Instead, an adjustment to the
general storm PMP depths should be applied when utilized as a rain-on-snow event. It is
suggested that cool-season PMP depths be derived when this is required through a site-specific
evaluation or use of HMR 33 (Riedel et al., 1956). It is assumed that rain-on-snow runoff
scenarios that would result in a PMF larger than the warm-season general storm PMP/PMF
would only occur in very large basins, generally greater than 20,000-mi? and therefore do not
affect the dams regulated by MDE in the study domain.

3.1.3 Tropical Storms

Tropical systems directly impact the study region on a relatively frequent basis. When
these systems move slowly over the area, large amounts of rainfall can be produced both in
convective bursts and over longer durations. These types of storms require warm water and
proper atmospheric conditions to be in place over the Gulf of Mexico and Atlantic Ocean, and
therefore only form from June through November, with August and September being the most
common period of tropical storm activity in this region. Significant research is available on past
tropical systems affecting the study region including strike probability for a given location per
year (e.g., Keim et al., 2007).
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3.1.4 Hybrid Storms

Hybrid storms include  characteristics of more than one storm type. In this study, three
storms were considered hybrid events. One was classified as both a local and tropical storm
(Hector, NY July 1935 SPAS 1629) and two storms were classified as general and tropical
storms (Big Meadows, VA, October 1942 SPAS 1340 and Montgomery Dam, PA September

2004 SPAS 1275). These were applied as each storm type for PMP development to ensure
inclusion for overall PMP development.
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5.  Data Description and Sources

Detailed evaluations of potential storms to use for PMP development were conducted as
part of this study. This included investigating the storm lists from previous relevant studies in
the region (e.g., statewide studies in Ohio, Virginia, Pennsylvania, and New Jersey, as well as the
regional PMP study for the Tennessee Valley Authority, and several site-specific studies within
the region). The storm list and the updated storm search completed to augment those previous
storm lists utilized data from the sources below:

1. Storm data and meteorological information from various Hydrometeorological
Reports (e.g., 1, 33, 40, 51, and 52) each of which can be downloaded from the
Hydrometeorological Design Studies Center website at
https://www.weather.gov/owp/hdsc_pmp

2. Cooperative Summary of the Day / TD3200. These data are published by the
National Centers for Environmental Information (NCEI), previously the National
Climatic Data Center (NCDC). These are stored on AWA's database server and can
be obtained directly from the NCEI.

3. Hourly Weather Observations published by NCEI, U.S. Environmental Protection
Agency, and Forecast Systems Laboratory (now National Severe Storms Laboratory).
These are stored on AWA's database server and can be obtained directly from NCEI.

4. NCEI Recovery Disk. These are stored on AWA's database server and can be

obtained directly from the NCEI.

U.S. Army Corps of Engineers Storm Studies (USACE, 1973).

United States Geological Survey (USGS) Flood Reports.

7. Other data published by NWS offices. These can be accessed from the National
Weather Service homepage at http://www.weather.gov/.

8. Data from supplemental sources, such as Community Collaborative Rain, Hail, and
Snow Network (CoCoRaHS), Weather Underground, Forecast Systems Laboratories,
RAWS, and various Google searches.

9. Previous and ongoing PMP and storm analysis work (Tomlinson et al., 2008-2013;
Kappel et al., 2013-2023).

10. Peer reviewed journals (e.g., Dwight, 1822; Smith et al., 1996; Keim 1998; Pontrelli
et al., 1999; Konrad, 2001; Robinson et al., 2001; Hicks et al., 2005; Keim et al.,
2007; Smith et al., 2010; Smith et al., 2011; Keim et al., 2018).

o o

5.1 Use of Dew Point Temperatures for Storm Maximizations

HMR and WMO procedures for storm maximization use a representative storm dew point
as the parameter to represent available moisture to a given storm. Prior to the mid-1980s, maps
of maximum 12-hour persisting dew point values from the Climatic Atlas of the United States
(EDS, 1968) were the source for maximum dew point values. This study used the 100-year
return frequency dew point climatology, which is periodically updated by AWA. Storm
precipitation amounts were maximized using the ratio of precipitable water for the maximum
dew point to precipitable water for the storm representative dew point, assuming a vertically
saturated atmosphere through 30,000 feet. The precipitable water values associated with each
storm representative value were taken from the WMO Manual for PMP Annex 1 (1986).
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Figure 7.2: Previous AWA Statewide PMP studies storm search domains

31









Maryland Probable Maximum Precipitation Study

Figure 7.3: Storm list locations, all storms used for PMP development
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Figure 13.2: Ratio of 24-hour 1-square mile PMP to 100-year precipitation

13.3 Comparison of PMP Against Virginia and Pennsylvania Studies

Some areas of the Maryland Statewide study domain overlap previous statewide studies
for Virginia (2015) and Pennsylvania (2019). Differences were expected due to updated datasets
and procedures since the completion of those studies, but direct comparisons were made for all 3
storm types where overlap occurred for reference. Figures 13.3 through 13.8 show the percent
difference from the previous PMP versions by storm type at relevant are sizes. A negative value
indicates a decrease from the previous study and a positive value an increase. In areas where there
is overlap, the Maryland PMP values represent the most current at the time of this publication and
should be used by Maryland Dam Safety in areas of overlap. The main reasons for the differences
between he studies include the following:

f  Updated Dew Point Climatology Datasets used for storm maximizations where the
climatological dew points have increase slightly in some storm maximizations

f Updated storm transposition limits were applied representing updated information
specific related to the Maryland study domain
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Figure 13.4: Percent difference for Local storm 6 hour 1 square mile PMP from Pennsylvania Study
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Figure 14.4: Maryland storm short-list specific ARF values for 24-hour duration

Table 14.1: Basin specific ARF values used to convert point precipitation to areal precipitation

Basin Name Arga 6_-h0ur ARF 24_1-hour ARF
(mi?) (Min, Ave, Max) (Min, Ave, Max)

Lake Linganore 809 0423 0.779 0'397 0.754 0921 0.990
Blairs Valley 34 0844 0967 0'39 0961 0984 0.999
Seneca Creek 29 0858 0971 g0 0965 0986 0999
Elk Neck 03 0964 0994 00 0992 0996 1000
Hunting Creek 68 0776 0.949 O'gg 0939 0978 0.998
Rocky Gap 86 0751 0941 O'gg 0930 0975 0.998
Wye Mills 98 0734 0936 0'39 0924 0973 0.998
Lake Merle 06 0944 0990 20 0983 0994 1000
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14.5 Homogenous Regions

The regional analysis approach is based on the concept that at-site data can be pooled
within regions that are "homogeneous.” In this context, homogeneous is taken to mean that
probability distributions and their resultant frequency curves for at-site data are identical, except
for a site-specific scaling factor, at all sites in a region. The at-site station mean MAM value is
commonly used as the scaling factor in regional analyses. It was initially assumed that one
homogeneous region was represented by all stations within close proximity to the basin location.
This assumption is reasonable and justifiable to make for a small local region prior to performing
heterogeneity measures. Heterogeneity measures were computed for the annual maximum data
for stations within the region. Hosking and Wallis (1997) developed heterogeneity measures to
help indicate the level of heterogeneity or homogeneity in the L-moment ratios for a group of
stations representing a sub-region. The statistics H1 and H2 denote the relative variability of
observed L-Cv and L-Skewness respectively for stations within a sub-region. The H1 and H2
measures compare the observed variability to that which is expected from a large sample drawn
from a homogeneous region based on the Kappa distribution. The 6-hour duration passed the
homogeneity criteria (H1<3) while the 24-hour duration was slightly greater than the
homogeneity criteria (H1<3) but was still deemed homogeneous (Hosking and Wallis, 1997).
Although Hosking and Wallis (1997) recommend homogenous regions screening of the H1
statistic to be less than three, numerous studies have claimed homogenous regions with H1
values to be larger than three. For example, England et al., (2014) deemed one basin in New
Mexico to be homogeneous with an H1 value of 7.73. The heterogeneity tests and three
parameter distribution that are statistically significant for the region are shown in Table 14.2.

Table 14.2: Heterogeneity statistics for the region

Duration H1 H2 Distribution
6-hour 2.32 0.17 GEV
24-hour 3.04 1.48 GEV

14.6 Discordancy Test

Even among homogeneous regions, some stations may be considered grossly inconsistent
from the region as a whole. Such stations are identified using a test, which resulted in a
discordancy measure. The discordancy measure provided an important indicator of stations that
should be moved to a different region and/or contained data errors in their AMS. However, by
nature of the L-moment approach, an erroneous individual annual maximum at this early stage in
the analysis will have a limited negative impact on the results. For the final set of stations
utilized in this study, all passed the discordancy tests (D<3) (Hosking and Wallis, 1997).

14.7 ldentification of Probability Distribution

Regional L-moment statistics were computed for annual maximum data for each site at
the homogenous region discussed above. Goodness of fit measures were evaluated for five
candidate distributions: generalized logistic (GLO), generalized extreme value (GEV),
generalized normal (GNO), Pearson type 11l (PE3), and generalized Pareto (GPA). An L-
Moment Ratio Diagram was prepared based on L-Skewness and L-Kurtosis pairs for the
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15. Climate Change Projections Related to PMP

Climate is changing, always has been changing, and always will change as long as the
energy received across the Earth’s surface is out of balance. Accounting for future changes in
climate is important to reduce risk and ensure infrastructure is designed for potential future
changes (Kunkel et al., 2013a; Kunkel et al., 2013b; Kunkel and Champion, 2019).
Unfortunately, quantification of the amount and rate of change at any given location for any
specific meteorological parameter is not explicitly quantifiable and instead has to be modeled
based on our incomplete understanding of the Earth climate system. Therefore, model
projections that utilize our current understanding of the Earth climate system are developed. The
climate projections are based on a physical understanding of various atmospheric parameters and
how those affect weather and climate through time and space. However, because our
quantification of these parameters is incomplete (and at times inaccurate) and because our
understanding of the various interactions and feedbacks is limited, the projections represent
possible outcomes (Kappel et al., 2020). None of which can be considered truth.

To overcome these significant limitations, numerous iterations and slight changes in the
various parameters are performed so that a suite of ensembles are produced that represent a wide
range of potential outcomes. From this output, inferences can be made, with more confidence
given when ensemble outcomes converge on a common projection (Mahoney et al., 2013; Ohara
etal., 2017). Another layer of uncertainty within the climate change projection process relates to
the assumption applied for future emissions scenarios and how those may affect the climate
system. Future emissions scenarios have two major areas of uncertainty. First, the assumption
that any given emission scenario will occur following a specific path through time is unknown as
there are many internal and external factors that can influence the amount of emissions produced
through time. Second, the understanding and quantification of how the Earth’s climate will
respond to any given greenhouse gas emission is limited. Both uncertainties introduce errors
into the outcomes of climate projections. Finally, Global Circulation Models (GCMs) are
computationally intensive and are therefore run at low resolution both in time and space. In
general, the resolution of the GCMs is inadequate to capture the spatial variations. To overcome
this, projections from GCMs are downscaled using a statistical process into regional downscaled
model projections. The regionally downscaled models are what were utilized for this climate
change analysis.

Given all the limitations and uncertainties noted above, it is still useful to evaluate
Regional Circulation Models (RCMs) to understand the range of potential outcomes that could
occur through time over the basin. To complete this process, AWA investigated Coupled Model
Intercomparison Project Phase 6 (CMIP6) output that were newly available over the course of
this study.

15.1 Overview of Global Climate Change Models

GCMs produce realizations of the Earth’s climate on a generally coarse scale of around
1000 km by 1000 km. Because the scale is so coarse, a single GCM grid may cover vastly
differing landscapes (e.g., from very mountainous to flat coastal plains) that have greatly varying
potential for floods, droughts, or other extreme events.
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Figure 15.2: (b) Climate projection parameters of Ppt, Ta, and Td from Model 8 Region 1 (CMCC-ESM2)

119






Maryland Probable Maximum Precipitation Study

a) Historical Annual Maximum Precipitation
Annual Maximum
& - -~ Linear Slope = (0.0261)
. —— Lowess Trend
S o Mann-Kendall (p > 0.05)
E g1 Tau= 0.0678
C
kel
8 o
= 8
©
Q
o o |
5 ©0
o
<
=Y R Y S - ) P S By P L Pt ot ARt
o |
o~
1 I 1 ! 1 I 1
1950 1960 1970 1980 1990 2000 2010
Year
b) SSP45 Annual Maximum Precipitation
o Annual Maximum
3 |- -- Linear Slope = (0.0873)
. —— Lowess Trend
E o Mann-Kendall (p > 0.05)
Ed Tau= 0.1358
o
S o
8 2
S
o
Q2 o
o © 7
5
o
c o |
* ©
S . NS ve [lelefal oo ool od--
o 57 = 3 o
<
I I | I !
2020 2040 2060 2080 2100
Year
¢) SSP85 Annual Maximum Precipitation
. Annual Maximum
I |- -- Linear Slope = (0.1288)
. —— Lowess Trend
E o Mann-Kendall (p < 0.05)
E ¢ Tau= 0.1829
c
S o
£ 27
=
(]
9 o
o o 7|
5
o
<
S ©1 n e, 1 Jof VU e lr L 4% o [\ [ o _____lg--
[a\} p—
I I | I |
2020 2040 2060 2080 2100
Year

Figure 15.4: Example results for 1-day trend analysis from Model 1 Region 1 (ACCESS-CM2): a) no trend
for historical period, b) no trend for SSP45 scenario, and c) increasing trend for SSP85 scenario. Blue line is
Lowess trend line, dashed line is a linear trend, and Mann-Kendall p-value shown in lower legend.
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15.2.2 Precipitation Frequency Analysis

The precipitation frequency analysis method utilized L-moment statistics instead of
product moment statistics, which decrease the uncertainty of rainfall frequency estimates for
more rare events and dampen the influence of outlier precipitation amounts from extreme storms
(Hosking and Wallis, 1997). Methods to account for non-stationarity in projections were not
addressed so the projections were applied assuming stationarity. For the precipitation frequency
analysis, AWA utilized the daily climate model projections to perform frequency analysis on the
1-day, 3-day, and annual durations.

AWA identified, extracted, and quality controlled maximum precipitation projections
from the NEX-GDDP-CMIP6 dataset for twenty-six CMIP6 models and three projection
scenarios. The Annual Maximum Series (AMS) were then subjected to the frequency analysis
methods (Hosking and Wallis, 1997). L-moment statistics were computed for annual maximum
data for each projection and duration. Goodness of fit measures were evaluated for five
candidate distributions: generalized logistic (GLO), generalized extreme value (GEV),
generalized normal (GNO), Pearson type 11l (PE3), and generalized Pareto (GPA). An L-
Moment Ratio Diagram was prepared based on L-Skewness and L-Kurtosis pairs for each
duration. The weighted-average L-Skewness and L-Kurtosis pairing were found to be near the
GEV distribution for all projections.

The GEV distribution was selected because: i) This is the most common distribution used
for precipitation frequency studies (e.g., NOAA Atlas 14, Perica, 2015), ii) the GEV was
identified on the 1-day, 3-day, and annual goodness-of-fit measures, and iii) using the same
distribution ensures a more direct comparison to more rare values of the frequency curve.

In order to separate snow events from rain events the 1-day and 3-day annual maximum
were also extracted for the summer season (May - October) and for the winter season (November
— April). The summer and winter AMS data were used to perform L-moment frequency analysis
methods as described above. Comparisons of percent change were made among model
projections for 10-year through 1,000-year recurrence intervals, beyond this the uncertainty in
probability distributions estimates is large. Figure 15.5 shows an example of the results for
Model 1 Region 1 1-day precipitation frequency analysis for all seasons, the summer season, and
the winter season for the historic, SSP-4.5, and SSP-8.5 projections.
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judgments based on the data available and current scientific understanding. The PMP results
represent defensible, reproducible, reasonable, and appropriately conservative estimates.
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